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The purpose of this research study is to determine the relationship between 
physical load and head impact biomechanics. The subjects used were Division 1 college 
male football players. This study was retrospectively conducted using the HIT System 
and Catapult GPS tracking system worn during the regular 2019-2020 season. Little 
direct interventions occurred. Data from both systems were collected and merged into a 
single data set. Repeated measures analyses using PROC MIXED were performed in 
five separate analyses, as well as correlational analyses. Physical load was found to be a 
predictor of in-session maximum linear acceleration, maximum rotational acceleration, 
cumulative linear acceleration and cumulative rotational acceleration, but not in-session 
RHIE. In contract, physical load was found to have a positive significant correlation with 
RHIE, as well as cumulative rotational acceleration, and cumulative linear acceleration. 
No significant correlation was found between season-long physical load maximum linear 
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Millions of concussions occur each year in the United States, impacting individuals in 
ways that are not fully understood. There are still gaps in the literature regarding 
epidemiology and how an injury may affect individuals. Long term risk remains unknown, 
although recent attention has been given to possible severe long-term outcomes, such as 
chronic traumatic encephalopathy, also known as CTE.7 Research has also found 
individuals who have sustained a previous concussion to be at three times greater risk of 
developing depression later in life.13 Acute somatic, cognitive, and emotional symptoms 
highlight that short-term concerns also exist.14 It is unclear why some individuals are 
affected more severely than others when concussion occurs. There are variations in 
symptoms, duration, and long-term complications, with considerable interpersonal variability. 
Concussion is also sport agnostic and has been documented in every sport. Football, 
among other sports such as ice hockey, lacrosse, and soccer, places athletes at high risk for 
sustaining concussions.26 On average, 70,000 high school athletes and 4000 Division 1 
athletes will annually sustain a concussion from playing football.15 
Beyond these potential negative long-term neurological outcomes, recent evidence has 
associated incident concussion with an increased risk of musculoskeletal injury. The clinical 
implications for these findings are pronounced and further highlight the importance this 
research area may have in preventing these injuries among our athletes. These findings also 
point to a possible link between musculoskeletal health and head impact burden. There is 




musculoskeletal fatigue and health. This is typically accomplished using innovative GPS 
based technologies that permit computation of physical load metrics. 
Given the growing evidence linking musculoskeletal injury risk and concussion 
incidence, it is surprising that literature is lacking associating physical load burden and head 
impact burden. Both of these burdens-physical load and head impact-are often tracked to 
study, understand, and intervene on parameters clinicians feel are important to reduce 
concussion and musculoskeletal injury risks. Additionally, while the available data have 
linked post-injury data, there has been very little that address the pre-injury relationships that 
may inform injury risk reduction strategies including practice planning, scheduling and 
effective player monitoring. 
Therefore, the purpose of this thesis project was to determine the association between 
head impact burden and physical load. This study focused specifically on Division 1 college 
male football players. No direct intervention occurred during this study. Rather, it examined 
data that were already being collected through ongoing player initiatives tracking head 
impact burden and physical load. The intended aims will contribute to the growing body of 
literature and the valuable contributions that non-injury data collection have made towards 
improving sports safety in competitive sports. 
Specific Aims 
 
1) To determine the association between in-session physical load and in-session 
head impact biomechanics in Division 1 collegiate male football players 
2) To determine the relationship between chronic load (as measured by season-long 
physical load) and chronic head impact biomechanics (as measured by season-
long repetitive head impact exposure metrics) 
Hypotheses 
 
1) We will observe an association between in-session physical load and in-




2) We will observe a positive relationship between season-long physical load 














The purpose of this literature review is to identify and analyze variables that may 
increase concussion risk in Division 1 college male football players. In accordance with the 
research aims, it is important to assess what research exists in relation to concussion risk 
and football. The focuses of this research are sports related concussion, head impact 
biomechanics and exposure, and physical load sustained. Therefore, these were the key 
focuses of the literature search. Each aspect will be carefully reviewed. Following a 
thorough search, the information obtained will be used to further steer the direction of this 
research project and determine where there is space to continue investigating sport-related 
concussion in Division 1 collegiate male football players. 
Review 
 
Foundations of Concussion 
 
Over the last few years, sport-related concussion (SRC) has been a topic that has been 
more heavily discussed. The literature consistently states that there is an estimated 
1.6 to 3.8 million sports related concussions reported in a single calendar year in the United 
States, with an estimated 50-80% of these being undiagnosed and/or unreported.2,6,16 It is 
believed that this high percentage occurs due to a lack of understanding in the severity of 
the injury or an inadequate knowledge base to understand that injury has occurred.3 Not 
only does concussion affect an individual’s health, but it can have a large economic burden 




as a result of concussion.16 Having such a widespread effect, it is important that 
researchers continue to investigate concussion etiology, prevention, and treatment. 
Among the lack of information and understanding previously mentioned surrounding 
concussion, it is worth noting that there has not been one single definition as to what is truly 
considered a sports related concussion. In 2016, a group of professionals in Berlin, 
Germany set out to create one single definition as to what an SRC is, defining it as, “a 
traumatic brain injury induced by mechanical forces”. Along with this, an individual is 
required to have sustained a blow to the head or body, sustained an impairment of their 
neurological functioning, experience neuropathological changes and a variety of clinical 
symptoms. The compilation of the mentioned criteria must not be able to be explained by 
any prior injuries, medications or drugs, or psychological conditions. 24 The creation of a 
single definition allows researchers to better pinpoint who fits the SRC criteria and more 
effectively study this phenomenon. A concise definition also aids clinicians in injury 
recognition and removal from participation decisions, preventing further complication during 
recovery. 
One complication that exists in identifying concussion is that there is not a single test 
that will definitively state whether injury to the brain has occurred or not.24 Clinicians must 
rely on their own judgement when determining if an athlete will be placed under concussion 
protocol. When a head injury occurs, clinicians must assess the individual based on an array 
of neurological, cognitive, and physical domains. The clinician must assess for the onset of 
symptoms related to SRC, which may present as somatic, cognitive or emotional. 
Additionally, outward physical symptoms may develop, such as neurological deficits, loss of 
consciousness, or challenges with postural and gait mechanics.24 It is important to realize 




symptoms. In many cases, the athlete presents with a unique combination of symptoms, 
often appearing immediately following impact or several hours later.24 
Though there has not been a definitive way to diagnose SRC, there are tools that 
clinicians may use to aid in their clinical judgement. MRI and other diagnostic imaging 
devices may be used in cases of traumatic brain injury to determine structural injury, but 
these devices will not pick up on the functional impairments that exist as a result of SRC.24 
The Sport Concussion Assessment Tool 5 (SCAT5) is a game time setting reliable tool that 
a clinician may use to identify common impairments present following SRC. The clinician 
can use the SCAT5 information to aid in the decision-making process for safely returning 
the athlete to play. 24 Another potential tool for clinicians is the Balance Error Scoring System 
(BESS), which assesses balance on multiple surfaces in multiple stance positions. The 
BESS test has been validated as a means to assess postural control and determine if 
impairments exist in athletes following a suspected concussion.49 Though each of these 
tools has their pros and cons, clinicians may use them to begin to assess for functional 
damage to the brain as a result of injury. 
Although the biomechanical forces that induce SCR do not cause observable structural 
trauma, the brain experiences a metabolic disruption at the time of injury. During this time, 
an energy crisis occurs in the brain, which results in a disrupted ion flow across neuron 
membranes and a decrease in the amount of adenosine triphosphate that is available to be 
transported as usual.2 At the same time, an excess of potassium is released into the 
extracellular space, following the opening of potassium channels. 19 Glutamate is also 
released whenever the injury occurs and may increase intracellular calcium levels when it 
combines with receptors. The neurons will attempt to contain this calcium inside of the 




rupture of the mitochondria, leading to cell dell.19 These reactions are what leads to the 
cognitive functional impairment that can be seen following injury. 
Head Impact Exposure 
 
Prevalence and Detection 
 
American football has been noted as one of the highest risk sports in regard to 
concussion due to playing style, high rates of impacts and degree of participation.   Among 
all injuries sustained, concussion is cited as the third highest injury sustained in the sport of 
football.1,15,26 About six percent of high school football players and four percent of division 
one football players sustain a concussion in a given year, adding up to be more than 74,000 
people.15 These statistics include only those individuals who report concussion to a health 
care provider or coach, and do not include those injuries that go unreported. In one survey 
of high school football players, 29.9% reported a history of concussion, with only 47.3% of 
these individuals stating that they reported this injury to a coach, parent or athletic trainer.3 
These numbers show that a high number of individuals are affected by concussion in 
football and that a high percentage of concussions are not being taken into account. 
Difficulties exist when attempting to determine and detect impact loads and exactly how 
they will affect the brain. Animal data can be difficult to generalize to humans and while 
cadavers exist that can be used as test subjects, we cannot determine the functional 
impairments post impact.26 It is known that most impacts are composed of both linear and 
rotational biomechanical components. When these components occur, they result in 
‘pressure gradients and strain fields’ within the soft tissue of the brain. When limits of these 
are too high, brain injury occurs.2 It is more likely that these two measurements will occur 
together rather than in isolation. 12, 2 However, there is debate in the literature as to which 




Resultant linear acceleration is defined in the literature as the “vector sum magnitude of 
the 3-dimensional linear accelerations of the skull resulting from impact”.2 Resultant 
rotational acceleration, sometimes referred to as angular acceleration, is defined as “the 
vector sum magnitude of the 3-dimensional angular accelerations of the skull resulting from 
an impact”.2 Linear acceleration is measured in g’s, also known as gravitational force units, 
while rotational acceleration is measured in radians per second squared.2 The farther away 
a force vector and the center of gravity of the head, the greater the resultant linear and 
rotational acceleration that an impact will cause. In football, for example, wearing a helmet 
makes the force vector farther away from the center of the head. This results in an amplified 
force to the brain. Greater accelerations will also occur whenever the force vector is in line 
with the center of gravity. 2 
Researchers have debated the significance between rotational and linear acceleration. 
 
Though some studies have advocated that linear acceleration plays a bigger role in 
sustaining an injury, the majority of research points towards rotational acceleration playing 
the biggest role. 12, 2, 11 Linear acceleration has been found to be more predictive of more 
severe brain injuries, such as cerebral contusions and hemorrhaging. 11 It has also been 
found that the combination of rotational acceleration along with location of head impact 
may give a better indication as to the severity of the injury. 12 
Though an exact threshold has not been determined for injury relative to linear or 
rotational acceleration, attempts have been made. The majority of the literature cites the 
injury threshold as somewhere around 90 g for linear acceleration. 12,11 Studies have cited 
the average linear acceleration of 98 g in professional athletes and 102.8 g in collegiate 
athletes as average levels for resultant injury.11 Sustaining an impact at 66 g has been 
associated with a 25% risk of sustaining a concussion, with 82 g correlating with a 50% risk 




98 g with a 75% risk of sustaining an injury. 11 On average, 69.7-145 g of linear acceleration 
have been associated with injury.2 
As for rotational acceleration, researchers have cited a measurement of 4600 rad/s2 to 
be associated with a 25% risk of injury, with 50% risk and 80% risk associated with 
measurements of 5900 rad/s2 and 7900 rad/s2.12 Other studies cite 6945 rad/s2 as 
associated with a 75% risk of injury, and 7688 rad/s2 with a 95% risk of sustaining an injury. 
Though there is not one concrete number for either linear or rotational acceleration, these 
numbers give researchers and medical professionals a general idea of impact levels that 
may be noteworthy. 12 
In order to attempt to measure these forces, the Head Impact Telemetry (HIT) System 
was invented. The HIT System consists of a computer-based program, a receiver for 
information to be transmitted, and an in-helmet system. Inside of the helmet padding lies six 
single-axis, spring loaded accelerometers that serve to detect linear acceleration, 
rotational acceleration, impact location and impact duration.1,2,12. Though this still does not 
directly measure exact movement in the brain due to the brain moving independently of the 
skull, it is the best possible way of measuring strain and movement as of current, assuming 
that the device is properly installed. 2 Typically, the HIT System will disregard any hit with a 
magnitude of below 10-15g of force, as this amount of force can be absorbed with 
nonimpact related activities, such as running or jumping.9 Studies have noted an error rate 
as high as 19% for the HIT System’s ability to correctly filter out these impacts.29 
Testing for validity of the HIT System has been found to be within a four percent error 
rate, though some researchers cite this as closer to eight percent specifically for linear 
acceleration.31,32 Other researchers noted an overestimation of linear acceleration of 1% 
error rate.2,27. In 2013, it was found that rotational acceleration was being overestimated by 




include poorly fitting equipment that does not allow for an accurate data collection to occur 
and various properties of the brain that may affect how energy is transferred between the 
brain and the skull.30 
Aside from the HIT System, there are fourteen known head impact devices, though 
many have not been validated nor do they have any current studies to date. 2 The six 
degrees of freedom (6DOF), part of the HIT System, uses 12 single-axis accelerometers 
and has been found to match readings given by the HIT System when comparing resultant 
and rotational acceleration.32. This system uses binary force switches which measure 
location, magnitude and number of impacts at the time of impact. The threshold on these 
devices is set at 30 g of force in order for any impact to be measured.2 Similarly, the 
GForceTracker, or GFT, collects linear and rotational acceleration data in real life, but is 
attached to the helmet and therefore can be used on helmets of various sports. The 
Shockbox works in a similar fashion to the HIT System, though is not intended to be used 
for research purposes.28 
 
Aside from devices that utilize helmet based sensors, the X2 X-Patch and X-Guard 
attempt to measure head acceleration using devices planted behind the jaw at the mastoid 
process or in a custom molded mouthguard.2 These non-helmeted devices have been 
found to have limitations due to the fitting of the mouthguard, amount of saliva present 
impeding data collection and skin movement.2 Some research has cited errors on these 
devices at 50% and as high as 290% when measuring rotational acceleration resultant peak 
value. The accuracy of detecting linear acceleration has been called into question as well. 
27,28,32,34 Other variations of devices include headbands, skullcaps and armbands that 





Variables Affecting Risk in Football 
 
Football consists of varying position groups that have vastly different jobs during 
competition; linemen are primarily in charge of blocking other players, while skills players 
are involved with higher speed running and tackling at greater distances.2,14 Guskiewicz et al. 
(2007) reported that, when compared with running backs and wide receivers, linebackers, 
offensive and defensive linemen, and defensive backs have higher rates of concussion.35 It 
has been found that linemen experience more frequent impacts at lower magnitudes, while 
skills positions experience less frequent impacts resulting in higher linear and angular 
magnitudes.2,9,14,32,37 Broglio et al. (2016) found the difference in average hits per season 
was 372 and 868 between defensive skills players and offensive linemen, revealing almost 
twice as many impacts among linemen.9 Impacts in linemen ensure at nearly every snap 
and have been noted to result in between 20-30g on average. In comparing linemen, 
offensive linemen sustain higher acceleration head impacts than 
defensive linemen.35,37 
 
In studies of varying head impact biomechanics of various groups, offensive and 
defensive linemen were found to have the highest number of unreported concussions during 
a single football season and higher levels of postimpact symptoms.28 These individuals 
sustain a higher number of impacts during each practice and experience more full-contact 
practices than other position groups due to responsibilities during game time scenarios.28 
Though it has been deciphered which groups are experiencing more frequent and higher 
magnitude impacts, it is unknown how physical load and other confounding factors, such as 
head impact exposure, may play into this. 
Research indicates that level of competition may affect how many impacts an athlete is 
sustaining each practice or game. Researchers found that 1.8 times as many impacts occur 




than youth players.2 Research regarding youth football is less understood than at older 
ages, as concussion is not as well understood in children. 24 Currently, no literature has 
addressed whether symptoms are different in children than adults or if management should 
differ.24 Further research must occur in these areas, among others, before we can fully 
understand SRC in children. 
Level of competition, as well as when impacts are occurring, may play a role in the 
magnitude and number of impacts sustained. A study conducted by the NFL reported that 
hits sustained during practices were typically associated with higher magnitudes than those 
sustained during competition. This differed from previous data on collegiate and high school 
football players, that noted the greater magnitude of impacts occurring during competition.10 
Other research notes that impacts sustained at helmets-only and full-contact practices 
appear higher than those in scrimmages and games, supporting the research by the NFL.35 
Those athletes who are exposed to more play time will typically be at an increased risk, 
especially when activity is of higher intensity.23 Regardless of level of competition, it has 
been observed in ice hockey players that collisions that were unanticipated resulted in 
greater head acceleration levels than those that were anticipated.34 There are many 
scenarios in which football players take blindsided hits that cannot be anticipated, which 
may result in a similar outcome as that seen in ice hockey players. This information may 
play more of role than has been previously noted. 
Lastly, literature cites that location of impact may play a role in the severity of the injury. 
 
Injuries resulting from impacts to the top of the head have been found to result in the 
greatest magnitudes of linear acceleration, while injuries resulting from impacts to the side of 
the head were associated with greater magnitudes of rotational acceleration.10 Mihalik et al. 
(2007) revealed that athletes are “8.5 and 6.54 times as likely to sustain an impact of 80 g to 




sustain higher impacts to the top of the head than to the front and back”.35. Another study 
reported that magnitudes at the top of the head, resulting from a dropping of the head while 
tackling or being tackled, put the athlete at a higher risk for sustaining a SRC. 12,36 These 
studies highlight the need for programs such as Heads Up that teach athletes how to 
properly tackle and avoid putting themselves into potentially vulnerable positions. 
Biological Risk Factors 
 
A history of prior concussion was the highest risk factor in predicting the risk of 
sustaining a head injury.21,24 A study of concussion in high school athletes found that 
individuals with a history of concussion are two times more likely to sustain a concussion as 
compared to their non injured control group.23 As number of prior concussions goes up, 
there appears to be an increase in the risk of sustaining another one, with one study citing 
risk at 3 times higher in those that have experienced 3 or more concussions.4,13 Further, 
those who sustained a prior concussion that was associated with loss of consciousness had 
an increased risk of subsequent injury by nearly six times.19 Of those who have previously 
sustained a concussion, extent of time necessary to fully recover may be increased.13 Risk 
of sustaining a concussion has been linked to a variety of factors outside of playing football. 
Literature has cited history, exposure during participation, age, sex, migraine history, and 
psychological factors that may coexist.2 
Female athletes at both the high school and collegiate level have been noted to be at 
an increased risk of sustaining an injury than males, with literature citing likelihood of up to 
2.5-3 times that of males.21,27 Some speculate that the gender difference may be in relation 
to differences in sex hormone levels, while others hypothesize that neuroanatomical and 
neurophysiological differences in functional brain organization may be to blame.34. 
Discussion regarding an increase in neck mass size and strength playing a role in reducing 




However, if this is the case, females may be at a disadvantage, as men typically have 
greater muscle mass than women. Similarly, head size and shape will play a role in how the 
brain tissue responds during impact.17 
Also noted is that younger children are at a greater risk of injury than adults.21 
Adolescent age girls and young women have been observed to also be at a greater risk for 
having symptoms post injury that linger for longer than one month.38Much remains unknown 
about concussion in children, such as if symptoms differ from those seen in adults or if 
management strategies should differ.24 
Nearly all studies to date reveal a negative association between underlying mental 
health disorders and clinical outcomes. Individuals with an underlying psychological 
condition have been found to have prolonged recovery following injury. Migraine disorder, 
when paired with concussion, has been shown to have similar results.19,24,38 Mixed 
research exists as to whether those with a history of ADHD or learning disabilities will have 
worse outcomes than controls, though those with ADHD have been found to have a greater 
“lifetime history of concussion”.38 
Threshold for Injury 
 
As discussed, there is not one set concussion “threshold”, though arbitrary numbers 
have been cited in vast amounts of literature. There is discussion around the idea that each 
athlete’s concussion threshold may be variable over time.7 In one study comparing high 
school and collegiate level athletes, it was noted that the two groups have comparable injury 
thresholds, aside from the greater number of high magnitude impacts that collegiate level 
players sustain. These researchers hypothesize that collegiate athletes may have been able 
to ‘build up’ a tolerance to the high-level impacts over time. Though no clear reason as to 
why this is the case exists, there is thought that the additional years of cerebral development 




agreement with this, other studies have seen athletes with a history of concussion be able to 
sustain higher magnitudes without sustaining an injury, which may support this idea of 
having an elevated tolerance.31. Guskiewicz et al (2013) and Greenwald et al (2013) 
explained that an injury threshold may not be easily defined after seeing such a 
wide variation in the magnitudes of injury producing hits in collegiate football players.33 
 
Other literature alludes to the idea that an individual’s “threshold” may be affected by 
each impact in a negative manner.40 One theory, head impact density, explains that each 
impact “decreases the ability of the cerebral tissue to return to its pre-impact status between 
blows”. Therefore, those with higher head impact densities will sustain injuries at lower 
overall magnitudes than those with lower head impact densities.40,43 In a study comparing 
individuals who reported concussion symptoms immediately versus those who had delayed 
reporting, those with more impacts on days of injury and the week leading up to injury had 
lower magnitudes resulting in injury.13,40,41,43. This idea may support the notion that head 
impact density plays a role with threshold and with subconcussive impacts. 
Subconcussive Impacts 
 
A subconcussive impact can be defined as an impact that “generates similar neuronal 
injury, without reaching an undefined ‘concussion threshold’ resulting in the absence of 
acute symptoms following head impacts”.27 Subconcussive impacts do not result in a 
diagnosed concussion and have greater consequences when repetitive instances occur.7 
Research has displayed that subconcussive impacts result in the tearing of axons and the 
formation of axonal retraction bulbs in the brainstem level descending motor pathways. Rat 
research has shown that one subconcussive injury can result in an acute neuroinflammatory 
response, which can contribute to the cumulative and neurodegenerative effects of repeated 
subconcussive injury found in humans when given in chronic loads.7 Subconcussive injury 




brainstem structures, as well as the complex neural networks, with the injury itself being 
more diffuse than localized.7 
Though no clear outward signs of the effects of repetitive subconcussive impacts may 
be observable, these may result in neurocognitive and brain changes.7,16 Functional MRI 
and Post-Concussion Assessment and Cognitive Testing have revealed neurophysiological 
changes in the brains of athletes who display no outward signs or symptoms of concussion, 
notably with tasks involving working memory.7,13 These studies consist of mostly linemen, 
which is consistent with a study conducted by Omalu et al. (2013), finding 
neurophysiological changes in the brains of seven out of eight offensive linemen studied. 
White matter abnormalities were also noted, though the implications of this are not known at 
this time.7,39 Blood-brain barrier disruption in animal studies has been found to occur with 
subconcussive blows, just as in mild to moderate traumatic brain injury.27 Conversely, there 
are studies reporting no found relationship between repetitive head impact and 
neurocognitive/physiological changes, though they have all been found to have inherent 
weakness.13 Short-term risks associated with repetitive subconcussive blows remains 
unknown, though it is known that an athlete’s risk for developing neurodegenerative 
disorders later in life is elevated.39 
Measuring Cumulative Head Impact Exposure 
 
Cumulative head impact exposure may be defined as “representing the concussion risk 
weighted sum of head impacts as measured by peak resultant linear and/or rotational 
acceleration”.15 This exposure can be applied to a particular activity session and to both 
individuals and groups.15 Most commonly, cumulative exposure is measured using a single 
number that reflects total exposure accumulated during a full season.37 Urban et al. (2019) 
proposed a risk-weighted exposure (RWE) as a way to create a cumulative risk for all head 




athletes experience a higher RWE.43. A risk weighted cumulative exposure, RWEcp, 
“encompasses magnitude and frequency in an augmented way versus other biomechanical 
metrics (such as number of impacts, percentiles of acceleration, etc) by non-linearly 
weighting each impact by the estimated concussion risk”.37 Concussion risk is calculated 
based on peak linear and rotational accelerations of each impact for each athlete.37 The 
majority of studies assessing head impact exposure levels rely on data acquired from a HIT 
System.42 A research study using RWE measurements revealed that 72% of the athletes 
diagnosed with a concussion had elevated head impact exposure measurements either on 
the day of the injury or during the season leading up to the injury. This study indicates that 
multiple subconcussive impacts leading to a higher cumulative head impact exposure rate 
may result in the onset of a concussion.41. Although other research has aligned with this 
study, there is still a percentage of concussions that were not linked to an increased head 
impact exposure rate, meaning that there are other factors that remain unknown in an 
athlete’s risk of sustaining a concussion on a given day.41 
Physical Load in Relation to Concussion 
 
Recent research in collegiate level football has found high levels of concussion 
surrounding specific training periods in the season, with special attention being placed on 
preseason activities. Stemper et al. (2019) found that over half of concussions occurred 
during the preseason months leading up to the beginning of the regular season. In this 
same study, all position groups aside from wide receivers saw an increase in head impacts 
during preseasons, and all saw a decrease during the regular season, ranging between 
14% and 54%. Athletes saw roughly 25% ± 24% of their total season head impacts during 
preseason during the 2016 year and roughly 37% ± 25% of their total season head impacts 
during preseasons of the 2017 year.43 Comparing between weeks in preseason and weeks 




week, while exposure remained consistent from week to week during the regular season. 
During preseason, athletes averaged 70.4 head impacts per week, which was 92% higher 
than the average during the season.43 Another study showed similar results, with 48% of 
concussion occurring during the month of August.41 Though research has been conducted, 
there is no definitive literature stating the extent of the relationship between physical load, 
head impact exposure and head impact biomechanics. Further research must be conducted 
to explore these variables and their interactions with one another to determine if athletes are 
more susceptible to injury due to a combination of these factors. 
Summary 
 
The purpose of this literature review was to analyze what current information exists 
relative to concussion and football players, as well as how other factors may play a role in 
SRC risk. Based on this review, it is clear that football players sustain many impacts per 
season, with some individuals at greater risk for these impacts resulting in concussion. 
Technology exists to measure and analyze these impacts, but head impact data alone 
cannot determine if injury has occurred. While there is still much to learn regarding 
concussion in sport, specifically football, there is a strong foundational base to build on. This 
literature review detects gaps where information may be lacking and allows the remaining 
questions to begin being answered. This information will serve as the foundation for the 
research that will be done over the next two years with Division 1 collegiate male athletes at 













A retrospective cohort study was conducted across a single Division 1 college football 
season. We enrolled Division 1 college student-athletes participating in varsity football 
(n=20). We included 5 linemen, 7 skill and 8 big skill players. To be included, we required 
data from participants who were assigned GPS-based physical load monitors as part of their 
regular participation in college football. We also required those who consented in 
participating in a concurrent research effort requiring athletes to wear helmets instrumented 
with sensors allowing for head impact burden tracking. Data from both systems were 
available for twenty study participants. The head impact biomechanics data were collected 
under a protocol approved by the Office of Human Research Ethics at UNC. We were 
permitted to merge the two data elements (physical load and head impacts) under a protocol 
approved as exempt non-human subjects research. 
Instrumentation 
 
Head Impact Telemetry (HIT) System 
 
The HIT system is composed of two primary components used to collect head impact 
biomechanics data. These include an accelerometer array and the Sideline Response 
System. The accelerometer array included six spring-loaded single-axis accelerometers. 
Each array unit was fitted approximately into a Riddell helmet for each consented individual, 
and collected information regarding peak resultant linear acceleration, peak resultant 




accelerometers were triggered to begin collecting 40 ms of data at 1 KHz once a single 
accelerometer detected a linear acceleration exceeding 9.6 g. The 40 ms data capture 
window included 8 ms pre-trigger and 32 ms post-trigger. The accelerometers then 
transmitted these data in real-time to the Sideline Response System, which stored all the 
data related to each head impact event. Data were routed through a company-owned 
proprietary cloud-based filtering/processing pipeline before being available for data export 
and analysis. The accelerometer units were visually verified daily to ensure functionality and 
inspected weekly during regular helmet maintenance throughout the season.48 
Catapult Vector GPS 
 
The Catapult Vector GPS monitoring system collected physical load variables for every 
practice and competition. This system is also comprised by hardware and software 
components. The hardware component consists of small, compact units embedded in 
halters worn by each study participant. These units function in both indoor and outdoor 
settings by utilizing Local Positioning System (LPS) and Global Positioning System (GPS) to 
track various load monitoring measurements. The LPS collects raw data at 10Hz; the GPS 
can collect data at either 10Hz or 18Hz. Each data collection system can track up to 100 
monitors (i.e. athletes) at the same time with a 300-meter tracking radius. Each unit includes 
the following component technologies: heart rate monitor, accelerometer, gyroscope and 
magnetometer. The battery life supports tracking athletes for approximately six hours with a 
single charge. The hardware was then connected to a data collection platform. The software 
was capable of extracting the raw data, performing proprietary post-processing and 
computing session-specific outcomes related to total physical load, load rate, distance 
travelled, maximum speed reached and session time.44 
The research on the reliability and validity of the Catapult is variable. There has been 




both more reliable and valid results for determining distances covered and movement 
patterns, though these tend to have more outliers due to ‘measurement errors’.1 It was also 
noted that, in comparison, when using the 10 Hz GPS trackers there were instances in 
which the validity for velocity was found to be ‘inversely related to acceleration’, 
demonstrating that the higher the acceleration, the less valid the measurement was.47 
Alternatively, other studies have cited the Catapult as having “excellent intra- and inter- 
device accuracy and reliability”.46 When specifically looking at player load measurements, a 
variable that summarizes player workload intensity for a session, the Catapult was found to 
underestimate loads by up to 15%.46 These considerations should all be taken into account 
when employing this device for data collection. 
Procedures 
 
Both technologies—HIT System and Catapult—were designed to require little direct 
intervention with study participants. We worked with our athletic training staff to ensure the 
HIT System was maintained, batteries were charged and replaced on a regular basis, and 
were available in the rare instance where players may have experienced issues related to 
helmet comfort due to the sensory technology. Our staff monitored all head impacts 
sustained during each session and ensured that the HIT System’s Sideline Response 
System was operational throughout each session. In the event we were unable to setup and 
operationalize the Sideline Response System (e.g., inclement weather, lack of access to 
power, etc.), all head impact data were collected and stored in non-volatile memory directly 
on the accelerometer units and downloaded to the software at a later time. 
Our strength and conditioning coaches managed the Catapult system. They ensured 
the Catapult units were working correctly, were appropriately worn by athletes during the 







For specific aim 1—session-specific comparisons—we computed the following five 
head impact burden measures: 1) repetitive head impact exposure (RHIE), 2) cumulative 
linear acceleration, 3) cumulative rotational acceleration, 4) maximum linear acceleration, 
and 5) maximum rotational acceleration. We adapted Rowson et al. and Stemper et al. 






Where ?̈? and ?̈? are the impact event’s recorded linear and rotational accelerations, 
respectively. Session RHIE included the sum of all impacts sustained by the participant on a 
given day. Cumulative linear and rotational accelerations were computed by summing all the 
individual linear and rotational accelerations, respectively, across a single session. 
Maximum linear and rotational accelerations were identified from the impacts sustained in 
a single session. As stated earlier, the Catapult Vector GPS system automatically computes 
session-based outcomes. These data were retained in their current form for our analyses. 
Additional data reduction steps were employed to address Specific Aim 2 related to 
season-long correlations. These outcomes were derived by 1) summing all the session 
RHIE values into a season-long RHIE outcome, 2) summing all the session cumulative 
linear accelerations into a season-long cumulative linear acceleration, 3) summing all the 
session cumulative rotational accelerations into a season-long cumulative rotational 
acceleration, 4) extracting the maximum linear acceleration across the entire season, and 5) 
extracting the maximum rotational acceleration across the entire season. Physical load data 
were summed across the season for each player to derive a cumulative season-long 






We merged our session outcomes data for head impact burden and physical load into 
a single analysis dataset. This merge process yielded 671 unique player-sessions available 
for analyses to address Specific Aim 1. We performed repeated measures analyses using 
PROC MIXED. This approach is preferred over other traditional repeated measures 
analyses (e.g., ANOVA, PROC GLM, etc.) for several reasons; two, however, emerge in the 
context of the analyses we conducted. First, all available data are used regardless of 
imbalances or missing data that might exist within participants. Second, this procedure also 
allows us to designate a random intercept model in which intercepts are permitted to vary; 
thus, the scores on the dependent variable for each individual observation are predicted by 
an intercept that varies across individual study participants and are not influenced by a 
default assumption that all observations are independent of each other and act along a fixed 
intercept. We performed five separate analyses, each modeling total player load as a 
function of a single head impact burden outcome. Our dataset was then further reduced to 
season-long metrics as described above. This dataset yielded 20 unique player seasons 
available for analyses to address Specific Aim 2. We performed correlational analyses to 
determine the relationship between season-long total physical load and the five season-long 
head impact burden measures described above. We performed out analyses in SAS 9.4. An 














Millions of concussions occur each year in the United States, impacting individuals in 
ways that are not fully understood. There are still gaps in the literature regarding 
epidemiology and how an injury may affect individuals. Long term risk remains unknown, 
although recent attention has been given to possible severe long-term outcomes, such as 
chronic traumatic encephalopathy, also known as CTE.7 Research has also found 
individuals who have sustained a previous concussion to be at three times greater risk of 
developing depression later in life.13 Acute somatic, cognitive, and emotional symptoms 
highlight that short-term concerns also exist.14 It is unclear why some individuals are affected 
more severely than others when concussion occurs. There are variations in symptoms, 
duration, and long-term complications, with considerable interpersonal variability. 
Concussion is also sport agnostic and has been documented in every sport. Football, among 
other sports such as ice hockey, lacrosse, and soccer, places athletes at high risk for 
sustaining concussions.26 On average, 70,000 high school athletes and 4000 Division 1 
athletes will annually sustain a concussion from playing football.15 
Beyond these potential negative long-term neurological outcomes, recent evidence has 
associated incident concussion with an increased risk of musculoskeletal injury. The clinical 
implications for these findings are pronounced and further highlight the importance this 
research area may have in preventing these injuries among our athletes. These findings also 




growing interest among sports medicine and human performance professionals to track 
musculoskeletal fatigue and health. This is typically accomplished using innovative 
GPSbased technologies that permit computation of physical load metrics. 
Given the growing evidence linking musculoskeletal injury risk and concussion 
incidence, it is surprising that literature is lacking associating physical load burden and head 
impact burden. Both of these burdens-physical load and head impact-are often tracked to 
study, understand, and intervene on parameters clinicians feel are important to reduce 
concussion and musculoskeletal injury risks. Additionally, while the available data have 
linked post-injury data, there has been very little that address the pre-injury relationships that 
may inform injury risk reduction strategies including practice planning, scheduling and 
effective player monitoring. 
Therefore, the purposes of this study were to determine 1) the association between 
in- session head impact burden and in-session physical load and 2) the relationship 
between season-long head impact burden and season-long physical load in a cohort of 
Division 1 college male football players. No direct intervention occurred during this study. 
Rather, it examined data that were already being collected through ongoing player 
initiatives tracking head impact burden and physical load. The study will contribute to the 
growing body of literature and the valuable contributions that non-injury data collection 
have made towards improving sports safety in competitive sports. 
Methods 
 
A retrospective cohort study was conducted across a single Division 1 college football 
season. We enrolled Division 1 college student-athletes participating in varsity football 
(n=20; age=20 ± 1.309 yrs; height = 185.42 ± 5.786 cm; mass = 102.058 ± 21.341 kg). We 
included 5 linemen, 7 skill and 8 big skill players. To be included, we required data from 
participants who were assigned GPS-based physical load monitors as part of their regular 




concurrent research effort requiring athletes to wear helmets instrumented with sensors 
allowing for head impact burden tracking. Data from both systems were available for twenty 
study participants. The head impact biomechanics data were collected under a protocol 
approved by the Office of Human Research Ethics at UNC. We were permitted to merge 
the two data elements (physical load and head impacts) under a protocol approved as 
exempt non-human subjects research. 
Instrumentation 
 
The Head Impact Telemetry (HIT) system is composed of two primary components 
used to collect head impact biomechanics data. These include an accelerometer array and 
the Sideline Response System. The accelerometer array included six spring-loaded 
singleaxis accelerometers. Each array unit was fitted approximately into a Riddell helmet for 
each consented individual, and collected information regarding peak resultant linear 
acceleration, peak resultant rotational acceleration, head impact location, and other 
measures of interest. The accelerometers were triggered to begin collecting 40 ms of data 
at 1 KHz once a single accelerometer detected a linear acceleration exceeding 9.6 g. The 40 
ms data capture window included 8 ms pre-trigger and 32 ms post-trigger. The 
accelerometers then transmitted these data in real-time to the Sideline Response System, 
which stored all the data related to each head impact event. Data were routed through a 
company-owned proprietary cloud-based filtering/processing pipeline before being available 
for data export and analysis. The accelerometer units were visually verified daily to ensure 
functionality and 
inspected weekly during regular helmet maintenance throughout the season.48 
 
The Catapult Vector GPS monitoring system collected physical load variables for every 
practice and competition. This system is also comprised by hardware and software 




halters worn by each study participant. These units function in both indoor and outdoor 
settings by utilizing Local Positioning System (LPS) and Global Positioning System (GPS) to 
track various load monitoring measurements. The LPS collects raw data at 10Hz; the GPS 
can collect data at either 10Hz or 18Hz. Each data collection system can track up to 100 
monitors (i.e. athletes) at the same time with a 300-meter tracking radius. Each unit includes 
the following component technologies: heart rate monitor, accelerometer, gyroscope and 
magnetometer. The battery life supports tracking athletes for approximately six hours with a 
single charge. The hardware was then connected to a data collection platform. The software 
was capable of extracting the raw data, performing proprietary post-processing and 
computing session-specific outcomes related to total physical load, load rate, distance 
travelled, maximum speed reached and session time.44 
The research on the reliability and validity of the Catapult is variable. There has been 
research to support that the Catapult systems utilizing the 18 Hz GPS trackers have had 
both more reliable and valid results for determining distances covered and movement 
patterns, though these tend to have more outliers due to ‘measurement errors’.1 It was also 
noted that, in comparison, when using the 10 Hz GPS trackers there were instances in 
which the validity for velocity was found to be ‘inversely related to acceleration’, 
demonstrating that the higher the acceleration, the less valid the measurement was.47 
Alternatively, other studies have cited the Catapult as having “excellent intra- and inter- 
device accuracy and reliability”.46 When specifically looking at player load measurements, a 
variable that summarizes player workload intensity for a session, the Catapult was found to 
underestimate loads by up to 15%.46 These considerations should all be taken into account 






Both technologies—HIT System and Catapult—were designed to require little direct 
intervention with study participants. We worked with our athletic training staff to ensure the 
HIT System was maintained, batteries were charged and replaced on a regular basis, and 
were available in the rare instance where players may have experienced issues related to 
helmet comfort due to the sensory technology. Our staff monitored all head impacts 
sustained during each session and ensured that the HIT System’s Sideline Response 
System was operational throughout each session. In the event we were unable to setup and 
operationalize the Sideline Response System (e.g., inclement weather, lack of access to 
power, etc.), all head impact data were collected and stored in non-volatile memory directly 
on the accelerometer units and downloaded to the software at a later time. 
Our strength and conditioning coaches managed the Catapult system. They ensured 
the Catapult units were working correctly, were appropriately worn by athletes during the 




For specific aim 1—session-specific comparisons—we computed the following five 
head impact burden measures: 1) repetitive head impact exposure (RHIE), 2) cumulative 
linear acceleration, 3) cumulative rotational acceleration, 4) maximum linear acceleration, 
and 5) maximum rotational acceleration. We adapted Rowson et al. and Stemper et al. 






Where ?̈? and ?̈? are the impact event’s recorded linear and rotational accelerations, 




a given day. Cumulative linear and rotational accelerations were computed by summing all 
the individual linear and rotational accelerations, respectively, across a single session. 
Maximum linear and rotational accelerations were identified from the impacts sustained in 
a single session. As stated earlier, the Catapult Vector GPS system automatically computes 
session-based outcomes. These data were retained in their current form for our analyses. 
Additional data reduction steps were employed to address Specific Aim 2 related to 
season-long correlations. These outcomes were derived by 1) summing all the session 
RHIE values into a season-long RHIE outcome, 2) summing all the session cumulative 
linear accelerations into a season-long cumulative linear acceleration, 3) summing all the 
session cumulative rotational accelerations into a season-long cumulative rotational 
acceleration, 4) extracting the maximum linear acceleration across the entire season, and 5) 
extracting the maximum rotational acceleration across the entire season. Physical load data 
were summed across the season for each player to derive a cumulative season-long 
physical load outcome. 
Statistical Analyses 
 
We merged our session outcomes data for head impact burden and physical load into 
a single analysis dataset. This merge process yielded 671 unique player-sessions available 
for analyses to address Specific Aim 1. We performed repeated measures analyses using 
PROC MIXED. This approach is preferred over other traditional repeated measures 
analyses (e.g., ANOVA, PROC GLM, etc.) for several reasons; two, however, emerge in the 
context of the analyses we conducted. First, all available data are used regardless of 
imbalances or missing data that might exist within participants. Second, this procedure also 
allows us to designate a random intercept model in which intercepts are permitted to vary; 
thus, the scores on the dependent variable for each individual observation are predicted by 




default assumption that all observations are independent of each other and act along a 
fixed intercept. We performed five separate analyses, each modeling total player load as a 
function of a single head impact burden outcome. Our dataset was then further reduced to 
season-long metrics as described above. This dataset yielded 20 unique player seasons 
available for analyses to address Specific Aim 2. We performed correlational analyses to 
determine the relationship between season-long total physical load and the five season-
long head impact burden measures described above. We performed out analyses in 




Analyses included 20 male athletes (age = 20.0 ± 1.3 years; height = 185.4 ± 5.8 cm; 
mass = 102.1 ± 21.3 kg) from one NCAA Division 1 college football team over the course of 
one season. In total, 671 unique sessions were recorded with each athlete contributing an 
average of 62.1 ± 9.8 sessions. 
Analyses found that four in-session variables individually predicted physical load, 
including cumulative rotational acceleration (estimate: 0.0029; SE: 0.0002; P < 0.0001), 
cumulative linear acceleration (estimate: 0.1353; SE: 0.0099; P < 0.0001), maximum 
rotational acceleration (estimate: 0.01252; SE: 0.0024; P < 0.0001), and maximum linear 
acceleration (estimate: 0.7776; SE: 0.1257; P < 0.0001). RHIE was not found to be a 
predictor of in-session physical load (estimate: 35.1865; SE: 23.2087; P = 0.1300). 
Corrections for multiple comparisons were not performed. However, we speculate, given the 
significance of our P values, even conservative correction methods (e.g. Bonferroni) would 
not impact our findings. Table 1 includes all in-session head impact variable predictions 
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Analyses found that season-long physical load was positively, significantly correlated 
with three variables, including RHIE (r = 0.4832; P = 0.0309), cumulative linear acceleration 
(r = 0.5829; P = 0.0070), and cumulative rotational acceleration (r = 0.5799; P = 0.0074). 
Season-long physical load was not found to have a significant correlation with two variables, 
including maximum linear acceleration (r = 0.3617; P = 0.1171) and maximum rotational 
acceleration (r = 0.2532; P = 0.2815). Table 2 includes all correlation coefficients associated 
with our analyses. 
In-session cumulative linear acceleration (g) (F1,650 = 185.14; P < 0.001), cumulative 
rotational acceleration (rad/s2) (F1,650 = 187.19; P < 0.001), maximum linear acceleration (g) 
(F1,650 = 38.25; P < 0.001), and maximum rotational acceleration (rad/s2) (F1,650 = 27.56; P < 
0.001) were significantly associated with in-session total physical load. In-session RHIE was 
not significantly associated with in-session total player load (F1,650 = 2.30; P < 0.130). 
Season-long RHIE (r = 0.483; P = 0.0309), cumulative linear acceleration (g) (r = 0.583; P = 
0.007), and cumulative rotational acceleration (rad/s2) (r = 0.579; P = 0.007) were 
significantly positively correlated with season-long total physical load while in-season 
maximum linear acceleration (g) (r = 0.362; P = 0.117) and maximum rotational acceleration 
(rad/s2) (r = 0.253; P = 0.282). Table 3 includes means and standard deviations for each 




Table 2. Pearson correlation coefficients (r) and significance levels (p value) for correlations 
between season-long head impact burden outcomes and season-long total physical load 
 
Season-long variable r P value 
RHIE 0.48 0.031 
Cumulative linear acceleration (g) 0.58 0.007 
Cumulative rotational acceleration (rad/s2) 0.58 0.007 
Maximum linear acceleration (g) 0.36 0.117 
Maximum rotational acceleration (rad/s2) 0.25 0.282 
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a mean and standard deviations for in-session outcomes are derived across all 671 unique player- 
sessions available for analyses to address our primary purpose 
b mean and standard deviations for season-long outcomes are derived across all 20 player-seasons 






Our results found that in-session RHIE was not a predictor of physical load. This could 
be due to a player taking a larger number of impacts but may not necessarily be exerting 
themselves at a higher level. An example of this can be found in linemen. It is known that 
linemen are taking significantly more snaps during a practice and game than skills 
players2,9,14,32,37. In a combo drill, linemen face off against each other as if the play is 
beginning; these individuals go head-to-head, making contact and exerting force for 
approximately five seconds. After this, there is a period of down time during which the 
individual can recover and prepare for their next run. In these instances, linemen are 
exposed to multiple low-level impacts but are not exerting themselves at high levels. 
Therefore, in scenarios such as this one, it is not difficult to see why this result was seen. 
 
We found a positive, significant correlation between season long RHIE and physical 
load. This may be because the more playing time an athlete has, the more physical load 
they sustain. Those athletes who are exposed to more play have a higher chance of 
experiencing head impacts on any level. Over the course of a season, the amount of head 
impacts that they are taking will add up as well, resulting in this positive correlation seen. 
It is worth acknowledging how fatigue may play a role into how many head impacts an 
individual is taking. It is possible—but as yet unknown—if an athlete’s ability to move and 
avoid impacts might be affected by physical load. Additionally, the cumulative effect of 
these physical loading parameters may affect these abilities over time. Another 
consideration is how the idea of head impact density may play into this concept and impact 
an individual over the course of a session or the entire season. 
Both maximum rotational acceleration and maximum linear acceleration were found to 
be predictors of in-session physical load. In actuality, these variables occur together and are 




may yield the same results2,12. Previous research reveals that multiple variables may impact 
an athlete’s chance of sustaining a head impact, whether injury producing or 
not2,9,10,14,23,28,32,35,37. Amount of playing time is one variable that may increase an athlete’s 
chances of experiencing more head impacts, whether they result in greater head impact 
biomechanics or not23. Realistically, if an athlete is taking more hits due to greater exposure, 
there is a greater chance that any of those hits may be of greater magnitude. 
More playing time results in higher levels of physical load; an athlete who completes 
only 15 minutes of a game versus 50 minutes will achieve greater levels of physical exertion. 
Type of play may contribute to physical exertion levels as well. Higher levels of head impact 
biomechanics have been noted during game type play in college athletes10. During this time, 
athletes will be competing at high levels, running at their top speeds and maximally exerting; 
this creates ideal condition for high level collisions which result in greater levels of head 
impact biomechanics23. This might best explain why maximum levels of both linear and 
rotational acceleration occur. The same concept may be applicable to practice scenarios 
during which athletes are trying to earn their starting spots for game days. It is during these 
times of greater exposure which create the opportunity for greater physical load to occur. 
Season-long physical load was not found to have a significant positive correlation with 
maximum rotational acceleration and maximum linear acceleration. The correlation 
between RHIE and physical load demonstrated that an athlete may be more susceptible to 
more hits with more playing time and an increase in physical load. In contrast, these results 
suggest that these hits are not necessarily of high magnitude. It is possible that an athlete 
may get more exposure with lower levels of rotational and linear acceleration. Both 
cumulative rotational acceleration and cumulative linear acceleration were found to be 
predictors of in- session physical load. We speculate that this can be viewed in a similar 
light to RHIE predicting in-session physical load. The more that an individual participates in 




time this will accumulate to greater numbers of head impact biomechanics than those who 
have less exposure time and, therefore, fewer impacts. In addition, those who are taking a 
higher number of reps will increase the amount of stress their body is placed under for that 
day. This will result in greater levels of in-session physical load. 
Our research found that season-long cumulative linear and season-long cumulative 
rotational acceleration were positively, significantly correlation with physical load. This may 
reflect ideas previously mentioned; those who are playing more, working harder and have 
increased training loads will have more opportunities to receive more head impacts. Those 
athletes who are playing less during practice or games will not produce the same amount of 
physical work over the course of the season and will not be at risk to achieve as high of a 
number of head impacts. 
The findings from this study could have real world implications on how we should 
manage player load over time and how this may have an impact on injury prevention in 
regard to head impacts. If head impact density exists, each impact causes an athlete’s 
threshold for injury to be lowered. Tracking physical load could be a way in which we 
subsequently decrease their overall head impact biomechanics and give athletes a greater 
time for recovery. This could potentially decrease an athlete’s risk of sustaining a 
concussion, as well as decrease their overall daily and season-long head impacts. 
We believe that physical load data may provide insight as to when to pull back an 
athlete’s training levels and when it is safe to continue pushing forward. Additionally, it may 
provide information on when coaches should alter practice styles to decrease collision rates. 
This idea may be more realistic when tracking physical load over a period of time, as 
opposed to on a daily basis. Clinically, it seems unrealistic to think that there would be 
enough personnel to track multiple players’ exertion levels over each session and make the 
appropriate alterations when necessary. This approach may also prevent high level 




months may be deemed more feasible. It is likely that tracking these periods may provide 
clinicians with insight as to when recovery is necessary and when less intense play may be 
needed. 
Additional real-world application may include beginning to limit player reps during 
periods of high training, such as is being done with pitchers in MLB and basketball players 
in the NBA. While again this could be viewed as a barrier to training and developing peak 
performance, it could be a reasonable way to incorporate injury prevention into training. This 
does not necessarily mean that athletes would need to be pulled out of play after 15 drills, 
for example, but could be a time to consider limiting amount of contact between players. 
Individual, as well as team wide trends may be analyzed in order to optimize training 
patterns and guide coaches, both on the field and in the weight room. While it is extremely 
unrealistic to think that we could eliminate concussion from occurring during the game of 
football, this could be a small consideration that could have a large impact. 
These ideas could be especially applicable to individuals who have a history of 
concussion or who are returning to play from a concussion. Prior research demonstrates 
that those individuals will be more susceptible to sustaining an injury than those who have 
never sustained a concussion4,13,19,21,23,24. If able to track physical load and have insight into 
its impact on head impact biomechanics, athletic trainers may utilize this as a tool to ensure 
that the athlete has the safest return to play experience possible. This could again be a 
measure used to monitor those athletes over the course of the season and ensure that 
enough recovery time is occurring for the athlete; incorporating this sort of proactive care 
could have major health benefits down the line for athletes. This may be especially important 






There are always limitations within studies, and this study has a few worth noting. First, 
as discussed previously, there is the potential to have systematic errors occur within both 
the HIT system and the Catapult GPS tracker. Each have their own limitations that have 
been noted in prior literature. There is also the potential for human user error when setting 
those up on a daily basis, and the potential that an error may have occurred even in cases 
where set up was done with extreme care each day. This study used only twenty individuals, 
so it is not certain that this data can be generalized to the population of all Division one 
football players. The individuals involved in the study were only those that consented to 
having a helmet sensor installed in their helmet. Therefore, it was not possible to ensure 
equal variability in player position. These subjects were selected from the same team, 
limiting the amount of variability in their training plan. Only one season of data was 
collected, making the overall data set relatively small. A select number of sessions were 
required to be eliminated from the data set, as some days players had only one set of 
numbers, either from the Catapult or HIT system, as opposed to both as required in this 
study. 
Future Research & Conclusions 
 
When looking ahead, there are various directions that future research can go to learn 
more regarding physical load and head impact biomechanics. This study included only a 
small number of participants over the course of one football season. Future research should 
include a larger sample size and involvement from multiple teams in order to gain a greater 
insight into overall trends seen when analyzing these variables. Differing teams will have 
different styles of training and other trends may be seen. Though the basis of this study is in 
the collegiate setting, incorporating data from both the high school and the professional 
setting may yield different results, as trends have varied by level of play before10,35. Though 




altering training plans based on the findings of this study as well. Therefore, it would be 
worth acknowledging if the same results are seen at that level. Future research may also 
consider how the physical load trends play into the head impact data in regard to position. 
As of now, it cannot be said that a defensive back would have the same results as an 
offensive lineman. Because this study did not analyze by position type, future result may 
include more subjects and control for this. 
Another consideration is to analyze what trends look like at different parts of the year, 
as well as different parts within the season. There could potentially be different findings 
when analyzing the data from week one of the season versus week twelve of the season. In 
a similar fashion, future research may determine how these trends differ during the season 
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